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Abstract
We study the physics of spontaneously broken family symmetries acting on
the third generation. Massless familons (or Majorons) f associated with such
broken symmetries are motivated especially by cosmological scenarios with
decaying tau neutrinos. We first note that, in marked contrast with the
case for the first two generations, constraints on third generation familon
couplings are poor, and are, in fact, non-existent at present in the hadronic
sector. We derive new bounds from B0–B¯0 mixing, B0 → l+l′−, b → sνν¯,
and astrophysics. The resulting constraints on familon decay constants are
still much weaker than those for the first and second generation. We then
discuss the promising prospects for significant improvements from searches
for τ → lf , B → (pi,K)f , and b→ (d, s)f with the current CLEO, ARGUS,
and LEP data. Finally, we note that future constraints from CLEO III and the
B factories will probe decay constants beyond 108 GeV, well within regions
of parameter space favored by proposed scenarios in neutrino cosmology.
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I. INTRODUCTION
For over half a century, one of the major puzzles in particle physics has been the question
of why quark and lepton families replicate. Although we have accumulated a wealth of data
concerning the masses and mixings of quarks and leptons, we still appear to be far from
a true understanding of family structure. In the absence of a concrete model to consider,
it is natural to postulate the existence of some family symmetry [1–3] that plays a role in
determining the observed particle spectrum. Once we consider such a family symmetry, we
face a plethora of options. The symmetry may be (1) discrete,1 (2) continuous and local, or
(3) continuous and global. Within each of these categories, one may choose any of a number
of symmetry groups, and the overall family symmetry may even be a combination of the
three possibilities.
Of course, any exact family symmetry of the underlying theory must be spontaneously
broken at some energy scale since we know that the quark and lepton masses are very
different from one family to the next. For option (1), spontaneously broken discrete sym-
metries, domain walls are the only model-independent predictions, and these cannot be
studied in particle physics laboratories. In case (2), the masses of the family gauge bosons
of spontaneously broken local continuous symmetries can be constrained, e.g., from K0-K¯0
mixing [5].
From a phenomenological point of view, however, possibility (3) is particularly enticing,
as it implies the existence of massless Nambu–Goldstone bosons, called “familons,” from the
spontaneously broken family symmetry. This family symmetry may be either Abelian or
non-Abelian; Nambu–Goldstone bosons associated with the spontaneous symmetry breaking
of an Abelian lepton number symmetry are often called “Majorons.”2 The existence of new
massless particles has many implications in particle physics, astrophysics, and cosmology,
and, as we will see, may be probed in a wide variety of experiments. Moreover, the cou-
plings of familons at low energies are determined by the non-linear realization of the family
symmetry. These couplings are, e.g., of the form
1
F
∂µf
a ψ¯iLγ
µT aijψ
j
L , (1.1)
where F is the family symmetry breaking scale, i.e., the familon decay constant, fa are
the familons, T a are the generators of the broken symmetry, and the ψL are fermion fields
in terms of which the flavor symmetry is defined. The strength of the familon coupling is
therefore inversely proportional to F and can be constrained for a given family symmetry
group in a model-independent manner.
1There is a subtle distinction between global and gauged discrete symmetries [4]. For this phe-
nomenological analysis, however, they are equivalent.
2Majorons have been extensively studied, and arise in a variety of models [6], including, for
example, supersymmetric theories with spontaneous R-parity breaking [7]. In this paper, we study
a number of probes, many of which are applicable to both Abelian and non-Abelian symmetries.
We use the generic name “familon” to denote the associated Nambu–Goldstone bosons in either
case.
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Familon couplings between the first and second generations have been studied extensively
and will be reviewed below. In contrast, however, couplings involving the third generation are
largely unexplored, although they may have rather rich phenomenological and cosmological
implications [8]. Current constraints in the lepton sector are relatively weak, with the best
bounds coming from τ → (e, µ)f bounds [9], and there are at present no corresponding
bounds reported in the hadronic sector (see, however, Ref. [10]). At the same time, it is a
logical possibility that the familon couples preferentially to the third generation, and models
have been proposed in which this is the case [11]. It is therefore interesting to explore the
possibilities for improving (or setting) bounds on familon scales for the third generation,
especially in light of the upcoming B physics experiments.
In this paper, we will study what we believe to be the most sensitive probes of couplings
of familons to the third generation, primarily to τ leptons and b quarks. We show that
dedicated analyses of existent data from CLEO, ARGUS, and LEP could probe family
symmetry breaking scales up to ∼ 107 GeV and may be significantly improved at future
B factories. Simply because this is largely unexplored physics, there is a high discovery
potential for familons at these facilities.
Familon couplings to the third generation are also of interest from a cosmological point
of view. The mass of the τ neutrino is still allowed to be as large as 18.2 MeV experimen-
tally [12]. A heavy τ neutrino has interesting consequences for both big-bang nucleosynthesis
(BBN) [13–16] and large scale structure formation [17–20], as will be discussed in Sec. VI.
Since a heavy neutrino (≥ 100h2 eV, where h is the expansion rate of the universe in units
of 100 km/sec/Mpc) must decay in order not to overclose the universe, an invisible decay
into a lighter neutrino and a massless boson, such as a familon (or Majoron), is typically
required. (The three neutrino mode is strongly disfavored and therefore the familon mode
is most preferred [13].) There is therefore an interesting interplay between experimental
searches for familons and scenarios requiring heavy neutrinos, and, as we will see, future
collider experiments and analyses may severely constrain a number of such cosmologically
motivated scenarios.
This paper is organized as follows. We begin in Sec. II with a discussion of familon
interactions. In particular, we emphasize that the familon interactions of particles in the
same gauge multiplet are expected to be comparable. In Sec. III we consider constraints
on familon interactions that may be inferred from current experimental data, concentrating
on familon couplings to the third generation. Current bounds on third generation couplings
from astrophysical considerations are presented in Sec. IV. We then describe some promising
prospects for detecting familons in B physics at future experiments in Sec. V. Finally, we
note some of the interesting cosmological implications in Sec. VI and give our conclusions
in Sec. VII.
II. FAMILON INTERACTIONS
The standard model contains 15 particle states in each of the 3 generations. These
states are distinguished by the SU(3)C×SU(2)L×U(1)Y gauge interactions, which divide
each generation into 5 multiplets: Q, U , D, L, and E. The gauge interactions therefore break
the flavor symmetry group from U(45) to U(3)5. In the standard model, the flavor group
U(3)5 is broken explicitly to U(1)B × U(1)L by Yukawa couplings. However, in extensions
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of the standard model in which one hopes to gain some understanding of the pattern of
fermion masses and mixings, some subgroup of the flavor group may be an exact symmetry
of the Lagrangian that is broken spontaneously by the vacuum, and it is this possibility we
consider here.
The massless Nambu-Goldstone bosons of the spontaneously broken flavor symmetry,
familons [1–3], have interactions given by the couplings
Lf = 1
F
∂µf
a Jµa , (2.1)
where fa are the familon fields, and Jµa are flavor currents.3 The interactions are suppressed
by F , the scale at which the flavor symmetry is spontaneously broken. Note that familons
are derivatively coupled,4 and so do not mediate long-range (∼ r−2) forces. The most general
current Jµa composed of two fermion fields takes either the form
Jµa = ψ¯iγ
µ(gV + gAγ5)T
a
ijψj (2.2)
or
Jµa = ψ¯iγ
µ(gLPL + gRPR)T
a
ijψj , (2.3)
where PL,R are the projection operators
1
2
(1± γ5), i and j are generational indices, and T aij
are the spontaneously broken generators of the family symmetry. The fields ψi and ψj are
fermion mass eigenstates, which we assume here to be also flavor eigenstates. (The more
general case is described below.) Using the form of the current given in Eq. (2.2), the familon
interaction may be written as
Lf = 1
F
∂µf
a ψ¯iγ
µ(gV + gAγ5)T
a
ijψj
= − i
F
faψ¯i [gV (mi −mj) + gA(mi +mj)γ5]T aijψj , (2.4)
where in the last step we have integrated by parts and then substituted the equations of
motion. The second line of Eq. (2.4) is of course only valid for on-shell fermions such
as external leptons, whereas in hadronic matrix elements and processes including off-shell
fermions, the derivative coupling of the first line must be used.
We see that familons may mediate or be produced in family-changing processes. They
may also couple to identical fermions ψi = ψj , but only through axial couplings. What
processes are mediated by familons depends on the particular family symmetry group that
is broken. For example, for O(N) groups, the generators Tij are anti-symmetric, and so
do not generate flavor-diagonal interactions. However, they do generate interactions like
3Throughout this study, we will assume that no additional light degrees of freedom are introduced
by other new physics.
4If the flavor symmetry is anomalous, familons may also have non-derivative, flavor-diagonal
couplings. We will not consider such couplings here.
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fψ¯iγ5ψj−fψ¯jγ5ψi, where we have considered axial vector current interactions as an example.
Familons from O(N) groups may therefore mediate neutral meson mixing, which we will
consider in Sec. III B. The situation is reversed for SU(N) groups. Here, flavor-diagonal
couplings exist. However, if we consider any SU(2) subgroup and form the complex familon
f˜ = f 1+ if 2, the off-diagonal interactions are given by f˜ ψ¯iγ5ψj + f˜
∗ψ¯jγ5ψi, and we see that
f˜ exchange cannot induce neutral meson mixing.
Up to this point, we have ignored possible mass mixing effects. In general, if the flavor
eigenstates ψ′ are related to the mass eigenstates ψ by
ψ′ = Uψψ , (2.5)
where Uψ is a 3× 3 unitary mixing matrix, the familon interactions are given by
Lf = 1
F
∂µf
a ψ¯′iγ
µ(gV + gAγ5)T
a
ijψ
′
j
=
1
F
∂µf
a ψ¯iγ
µ(gV + gAγ5)T
a
ψijψj , (2.6)
where T aψ = U
†
ψT
aUψ. Mass mixings may therefore generate flavor-diagonal interactions
from flavor off-diagonal interactions, and vice versa. For example, in the case of an Abelian
U(1) symmetry, mass mixing effects may generate flavor-changing interactions. They may
also extend non-maximal family symmetries to couplings involving all three generations; for
example, a U(2) symmetry between the first and second families, may, after rotation to mass
eigenstates, result in familon interactions involving the third generation.
While the phenomenology of familons varies from group to group, it is important to
note that gauge symmetry relates the familon interactions of particles in the same gauge
multiplet. As an example, let us consider a spontaneously broken lepton flavor symmetry.
The familon interaction is then given by
gL
F
∂µf
a L¯′iγ
µT aijL
′
j , (2.7)
where the SU(2) lepton doublets L′i = (ν
′
i, l
′
i) are in the flavor eigenstate basis. This interac-
tion therefore generates familon interactions for both the charged leptons and neutrinos. In
the presence of neutrino masses, the flavor eigenstates may not correspond to mass eigen-
states. The familon interactions in the mass basis are then
gL
F
∂µf
a ν¯iγ
µT aνijνj +
gL
F
∂µf
a l¯iγ
µT alijlj , (2.8)
where T aν = U
†
νT
aUν , and we have defined V = U
†
νUl and T
a
l = V
†T aν V . T
a
l and T
a
ν are there-
fore related by a similarity transformation, and in the presence of mass mixing, the couplings
of the interactions of ∂µf
a ν¯iγ
µνj and ∂µf
a l¯iγ
µlj are not necessarily identical. However, in
the absence of fine-tuning, we expect these couplings to be of the same magnitude. Bounds
on one familon interaction may thus be considered to imply comparable bounds on the other
interactions linked by gauge symmetry.
Because the familon interactions of particles in the same gauge multiplet are comparable
in the absence of fine-tuning, there are many more relations in theories with enlarged gauge
groups. For example, for SU(5) grand unified theories (GUTs), the particles dR, ν, eL ⊂ 5 are
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expected to have comparable familon interactions, as are the particles uL, dL, uR, eR ⊂ 10.
A particularly relevant example for our study below is that, in the GUT framework, bounds
on familon decays of B mesons imply bounds on familon decays of tau neutrinos in the
absence of fine-tuning.
Flavor mixing effects also induce familon couplings of fields with different generational
indices. In the quark sector, for example, substituting the quark doublet Q′i = (u
′
i, d
′
i) for L
′
i
in the discussion above, Eq. (2.8) becomes
gL
F
∂µf
a u¯iγ
µT auijuj +
gL
F
∂µf
a d¯iγ
µT adijdj , (2.9)
where T au and T
a
d are related by the CKM matrix through
T ad = V
†
CKMT
a
uVCKM . (2.10)
We see that in general, couplings to all generations are induced by flavor mixings. For
example, a familon with flavor-diagonal coupling to t¯t in the up sector couples not only to
b¯b, but also to, for example, b¯s and d¯d. The induced couplings to first and second generation
quarks in this case are CKM-suppressed, but may still lead to significant bounds when, as
is often the case, these induced couplings are much more strongly constrained. We will
consider the constraints on mixing-induced couplings from K decays in Sec. IIIA and from
supernova cooling in Sec. IVC.
Finally, note in Eq. (2.2) that the strength of the interaction depends not only on F ,
but also on T aij and the couplings gV,A. In the following sections, we will present a vari-
ety of bounds on combinations of these couplings, and it is important that we define our
conventions and normalizations. We will always define our interaction as
1
F
∂µf ψ¯iγ
µ(gijV + g
ij
Aγ5)ψj , (2.11)
and similarly for gijL and g
ij
R ; the superscripts of the couplings will often be omitted when
they are obvious from the context. In presenting our bounds, it will be convenient to define
F Iij ≡ F/gijI , (2.12)
where I = V,A, L,R. In addition, as many of our bounds are to a good approximation
independent of the chirality of the interaction and so only dependent on the combination
gij 2V + g
ij 2
A , we define
Fij ≡ F√
gij 2V + g
ij 2
A
. (2.13)
III. BOUNDS FROM ACCELERATOR DATA
As described in the previous section, familons may take part in flavor-changing pro-
cesses, and bounds on such processes lead to lower bounds on the familon energy scale.
For familons mediating transitions between the first and second generation, such bounds
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are rather stringent. In contrast, similar bounds involving the third generation are much
weaker, with the previously reported constraints limited only to bounds from rare τ decays.
We are thus motivated to focus on the third generation. In Sec. IIIA, we begin by reviewing
and contrasting such bounds, and then discuss the implications of flavor eigenstate mix-
ings. We then go on to derive new bounds from a variety of processes. In Sec. III B we
consider familon-mediated processes such as neutral meson mixing and rare leptonic decays
of mesons. Finally, in Sec. IIIC we consider possible analyses at LEP and extrapolate a
preliminary ALEPH bound on b→ sνν¯ to a bound on b→ sf .
A. Decays to familons
We begin by considering bounds from decays of mesons and leptons to familons. Nor-
malizing the relevant familon scale according to Eq. (2.11), we find
Γ(K → pif) = 1
16pi
m3K
F 2
g2V β
3|F1(0)|2 , (3.1)
where β = 1 − m2pi/m2K . In the limit of exact flavor SU(3) symmetry, the form factor
〈pi+(p′)|s¯γµd|K+(p)〉 = F1(q2)(p+p′)µ at zero momentum transfer has a fixed normalization,
F1(0) = 1. For leptonic decays li → ljf , the exact tree-level partial decay width in the limit
of massless lj is given by
Γ(l−i → l−j f) =
1
16pi
m3li
F 2
(g2V + g
2
A)β
3 , (3.2)
where here β = 1−m2lj/m2li.
The strongest bound on any flavor scale is derived from the constraint on exotic K
decay. Using the above expressions, the experimental result B(K+ → pi+f) < 3.0 ×
10−10 (90% CL) [21] leads to the bound
F Vsd > 3.4× 1011 GeV . (3.3)
Note that the limit on B(K+ → pi+f) bounds only the vectorial familon coupling; the axial
coupling is unconstrained. For the leptonic sector, Jodidio et al. report the constraint
B(µ+ → e+f) < 2.6 × 10−6 (90% CL) [22], which they obtain under the assumption of a
vector-like familon coupling. This can be converted into the bound
F Vµe > 5.5× 109 GeV . (3.4)
For familon interactions of arbitrary chirality, the slightly weaker constraint
Fµe > 3.1× 109 GeV (3.5)
may be obtained from the bound B(µ+ → e+γf) < 1.1× 10−9 (90% CL) [23].
We now compare these bounds to those available in the third generation. The ARGUS
collaboration [9] has bounded the branching fractions of τ decays into light bosons and found
the limits B(τ− → µ−f) < 4.6× 10−3 (95% CL) and B(τ− → e−f) < 2.6× 10−3 (95% CL).
These imply the following constraints on the flavor scale:
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Fτµ > 3.2× 106 GeV (3.6)
Fτe > 4.4× 106 GeV . (3.7)
We see that the bounds on flavor scales in the leptonic sector are significantly less strin-
gent for third generation couplings than for those involving only the first two. The discrep-
ancy is even more pronounced in the hadronic sector, where there are as yet no reported
bounds on flavor scales from B decays.
It is also worth noting, however, that strong bounds on a particular flavor scale, such as
the one on F Vsd, may imply significant bounds on other flavor scales as well. These bounds are
induced by the flavor-mixing effects discussed in Sec. II and are thus model-dependent. As
an example let us now assume that flavor and mass eigenstates coincide for up-type quarks.
A given familon coupling in the up sector requires, by gauge invariance, a corresponding
coupling in the down sector. For example, from Eqs. (2.9) and (2.10) we see that the coupling
∂µf t¯γ
µPLc/F
L
tc induces the coupling V
∗
tsVcd∂µf s¯γ
µPLd/F
L
tc , which mediates the rare decay
K+ → pi+f . Assuming complex familons, the Hermitian conjugate coupling gives a similar
contribution ∝ V ∗csVtd to the decay into the complex conjugate familon. Summing both
decay widths and comparing to the bound on F Vsd in Eq. (3.3), one can derive the mixing
induced bound
FLtc > 2.2× 109 GeV . (3.8)
Under similar assumptions, we find FLtu > 6.6× 109 GeV. Note, however, that such bounds
do not apply if the mass and flavor bases are aligned in the down sector [24] or if the
couplings are purely axial.
B. Familon-mediated processes
In this section we derive new constraints on the scale of spontaneous flavor symmetry
breaking by considering non-standard familon contributions to neutral meson mixing and
existing bounds on rare leptonic decays such as B0 → τe.
A familon contribution to neutral meson mixing requires a real flavor group to be spon-
taneously broken in the corresponding sector, such that the same real familon scalar field
couples to the quark current and its Hermitian conjugate. For concreteness, let us consider
the B0− B¯0 system; similar formulae hold (at least approximately) for other neutral meson
systems. Assuming the general coupling structure
i
F
∂µf
[
d¯γµ(gV + gAγ5)b− b¯γµ(gV + gAγ5)d
]
, (3.9)
we find a familon contribution to the mass splitting of
∆m
(f)
B0 ≡ |mB0 −mB¯0 | ≈
5
6
f 2B0g
2
AmB0
F 2
. (3.10)
Eq. (3.10) may be derived by taking the matrix element of the non-local operator
1
2!
1
F 2
d¯αγ
µ(gV + gAγ5)bβ
qµqν
q2
d¯γγ
ν(gV + gAγ5)bδ (3.11)
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TABLE I. Bounds on the flavor scale from contributions to neutral meson mixing from familon
exchange as given in Eq. (3.10). Note that these limits do not apply to vector-like couplings, and
that this process requires a real flavor group so that a real familon scalar field couples to a current
operator and its Hermitian conjugate, as in Eq. (3.9).
∆mexp Bound
B0 − B¯0 0.5× 1012 h¯s−1 [25] FAbd > 6.4× 105 GeV
D0 − D¯0 < 21× 1010 h¯s−1 [27] FAcu > 6.9× 105 GeV
K0 − K¯0 0.53× 1010 h¯s−1 [25] FAsd > 1.7× 106 GeV
between B0 and B¯0 states and using the definition of the pseudoscalar decay constant,
〈0|b¯γµγ5d(0)|B0(p)〉 = ifB0pµ. The subscripts α, β, γ, and δ in Eq. (3.11) are color indices.
Between two color singlet states, there are two contributions. The first one arises from
α = β and γ = δ with a familon in the s-channel. In this case, the momentum transfer
through the familon propagator is q2 = m2B0 , and after a vacuum insertion, it is easy to verify
that this contribution is as in Eq. (3.10), but without the factor of 5/6. However, there is
also a t-channel contribution from α = δ and β = γ, which may be evaluated by a Fierz
transformation and then a vacuum insertion as before. For a heavy–light system like the B0
meson, one may assume the free-quark picture, in which the momentum transfer is governed
by the energy of the “static” b quark q0 ≈ mb ≈ mB0 , and, in the numerator, the derivative
acting on the quark current gives again a factor of mb. Using 〈0|b¯γ5d(0)|B0(p)〉 ≈ ifB0mB0
and including the relative color factor of 1/3, one can estimate the t-channel contribution
to be −1/6 times the s-channel contribution, which leads to Eq. (3.10).
Our result should be fairly reliable for the B0 meson. For D0 and K0 mesons, the
evaluation of the t-channel momentum transfer is more ambiguous. However, because this
contribution is suppressed relative to the s-channel part, we expect the result of Eq. (3.10)
to be reasonably accurate in these cases as well. We also note that a vector-like familon
interaction does not contribute to the mass splitting, at least in the heavy quark approx-
imation mb ≈ mB0 . Although one might expect a vector contribution to appear in the
t-channel contribution after the Fierz rearrangement, one finds that the term proportional
to gV contains axial vector and pseudoscalar contributions of equal magnitude but opposite
sign.
The constraint on the flavor scale F results in principle from the requirement that the
combined standard model and familon contributions do not exceed the measured value.
However, when considering nonstandard contributions, it is also uncertain what one should
take as the standard model contribution. For example, the reported value [25] for |V ∗tbVtd|
is derived from B0 − B¯0 mixing under the assumption that the standard model gives the
only contribution. As a conservative bound, we simply compare the familon contributions
directly to the corresponding measured values. The results are summarized in Table I. We
take the decay constants to be fB0 ≈ 175 MeV and fD0 ≈ 205 MeV from recent lattice
results [26], and fK0 ≈ fK+ ≈ 160 MeV [25]. Since we use the measured mass splitting (not
its error), the bounds from B0 and K0 will only improve when the size of the standard model
contribution can be quantified independently. For the D0, where only the upper bound on
the mass splitting is known, future experiments will improve the bound.
We next consider rare leptonic decays of neutral mesons, mediated by familon exchange.
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TABLE II. Limits on flavor scales and couplings for some rare meson decays. The branching
ratio bounds are on the sum of the two charge states, assuming real familon scalars that mediate
both decay modes. If familons mediate only one decay mode, the quoted bounds on F are weakened
by a factor of 21/4. In calculating these bounds, we neglect small corrections from the lighter lepton
mass.
Branching Ratio Upper Bound Bound
B0 → τ±e∓ 5.3× 10−4 [28] (FAbdFτe)1/2 > 3.5× 103 GeV
B0 → τ±µ∓ 8.3× 10−4 [28] (FAbdFτµ)1/2 > 3.1× 103 GeV
B0 → µ±e∓ 5.9× 10−6 [28] (FAbdFµe)1/2 > 2.8× 103 GeV
D0 → µ±e∓ 1.9× 10−5 [29] (FAcuFµe)1/2 > 1.2× 103 GeV
K0L → µ±e∓ 3.3× 10−11 [30] (FAsdFµe)1/2 > 3.8× 105 GeV
Such decays are possible if the same familon couples to both quarks and leptons. This
is guaranteed in grand unified scenarios, where quarks and leptons are in the same gauge
multiplet. In general the relevant interaction can be written in terms of effective vector
and axial vector couplings that parametrize the familon couplings and mixing angles of a
particular model. For example, the process B0 → τ+e− can be mediated by the interaction
Lagrangian
1
F
∂µf
[
b¯γµ(gbdV + g
bd
A γ5)d+ τ¯γ
µ(gτeV + g
τe
A γ5)e
]
+ h.c. (3.12)
Note that the constants gV and gA may be different in the hadronic and leptonic sectors.
Also, even if familon couplings always include third generation flavor eigenstates, mixing
effects may induce transitions like B0 → µ+e−.
With the interaction defined in Eq. (3.12) one obtains a width of
Γ(B0 → τ+e−) ≈ 1
8pi
f 2B0g
bd 2
A mB0m
2
τ
F 4
[(
gτe 2V + g
τe2
A
)
β2 − 2me
mτ
(
gτe 2V − gτe 2A
)
β
]
, (3.13)
where β = 1−m2τ/m2B0 , and we have displayed the leading g2V −g2A piece. In the limit where
the lighter lepton is massless, the result is independent of the chirality of the interaction and
depends only on the combination of lepton couplings g2V + g
2
A. Expressions for other similar
processes are obtained by replacing the coupling constants gV , gA and the meson and lepton
masses accordingly. Limits on the flavor scales from current experimental bounds on rare
leptonic decays are given in Table II.
The bounds of Tables I and II are significantly weaker than those presented in Sec. IIIA.
This is especially true in Table II, as rare leptonic meson decays are dependent on the flavor
scale to the fourth power. However, such processes set bounds on third generation hadronic
familon couplings, which were previously unconstrained. It is also important to note that
the bounds on familon couplings to the first two generations are also interesting, as they
constrain axial couplings, whereas the bound from K decay reviewed in the previous section
bounds only vector-like couplings.
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C. Constraints from LEP
Currently, there are no reported experimental bounds on decays b → (s, d)f . One can,
however, infer a constraint from ALEPH’s preliminary bound on b→ sνν¯ [31]. By searching
for events with large missing energy, they placed the constraint B(b → sνν¯) < 7.7 × 10−4
(90% CL). One can rescale this constraint to obtain an upper bound on B(b→ sf).
The analysis for b→ sν¯ν relies on the Emiss distribution [32], where Emiss is defined by
Emiss = Ebeam + Ecorr − Evis (3.14)
in each hemisphere of b-tagged events. Here, Ebeam is half of the center-of-momentum energy,
Ecorr = (M
2
same −M2opp)/4Ebeam, where Msame and Mopp are the visible invariant masses in
the same and opposite hemispheres, respectively, and Evis is the total visible energy in the
hemisphere. Ecorr improves the estimate of the actual missing energy in the hemisphere by
correcting for the fact that the hemisphere with larger invariant mass typically has higher
energy.
The backgrounds from b → lνX and c → lνX are suppressed by rejecting events with
identified e± or µ± in the relevant hemisphere. Up to this point, we do not expect significant
differences in efficiencies between the b → sνν¯ mode and the b → sf mode. They then
required 35 GeV < Emiss < 45 GeV. The efficiencies for this requirement obviously differ
between the two decay modes, since the mode b→ sνν¯ has two missing neutrinos, resulting
in a harder Emiss spectrum than that of the b→ sf mode. The Emiss spectrum of both modes
may be calculated by convoluting the theoretical missing energy distribution in three-body
(sνν¯) and two-body (sf) decays with the measured b fragmentation function [33]. We find
that the ratio of efficiencies is 0.43 with little dependence on the details of the fragmentation
function. By scaling the reported B(b→ sνν¯) upper bound by this factor, we find
B(b→ sf) < 1.8× 10−3 . (3.15)
Using the expression of Eq. (3.2) with the substitution ofmB0 ≈ mb formli , this corresponds
to a limit on the flavor scale of
Fbs > 6.1× 107 GeV . (3.16)
Note that this analysis does not require an energetic strange particle, and so the constraint
of Eq. (3.15) is actually on the sum B(b→ s f)+B(b→ d f). Thus, for Fbs ≈ Fbd, the bound
on the flavor scale given in Eq. (3.16) improves by a factor
√
2. The bound of Eq. (3.16) is
enhanced by the fact that the SM decay width is greatly suppressed by Vcb, which increases
the sensitivity of b decays to small exotic decay widths.
IV. BOUNDS FROM ASTROPHYSICS
In this section, we discuss constraints on third generation familon couplings from astro-
physics. We begin in Sec. IVA with constraints on direct (tree-level) couplings. Second
and third generation particles are absent in almost all astrophysical objects. The exception
is supernovae, where all three neutrino species are thermalized in the core. We therefore
11
consider what bounds on familon couplings to τ neutrinos may be obtained by supernova
observations. Couplings of familons to the third generation may also radiatively induce cou-
plings to first generation particles. Although such induced couplings are suppressed by loop
factors, they are so stringently bounded by constraints from supernovae, white dwarfs, and
red giants that interesting bounds also result. These are studied in Sec. IVB. Finally, mix-
ings of flavor eigenstates may also induce couplings of familons to the first generation; such
effects are discussed in Sec. IVC. It is important to note that, while the bounds derived in
this section are rather strong in certain cases, they are also typically more model-dependent
than, for example, the accelerator bounds of the previous section. We therefore specify the
necessary conditions for each bound in detail in each case.
A. Bounds from direct couplings
In 1987, the Kamiokande group and the IMB group independently detected neutrinos
emitted from supernova SN 1987A. They observed that the neutrino pulse lasted for a few
seconds. Furthermore, their results indicate that neutrinos carried off about 1053 erg from
the supernova. The observed duration time and neutrino flux can be well explained by the
generally accepted theory of core collapse, and the observations confirmed the idea that most
of the released energy in the cooling process is carried off by neutrinos. Exotic light particles,
such as familons, may affect the agreement of theory and observation, since they can also
carry off a significant energy fraction. The core of the supernova is hot (T ∼ 30 MeV)
and dense, and so neutrinos are thermalized in the core and can be a source of familon
emission. If the energy fraction carried away by familons is substantial, the duration time
of the neutrino pulse becomes much shorter than the observed value. In order not to affect
the standard cooling process, the familon luminosity Qf must be smaller than the neutrino
luminosity, i.e., less than ∼ 1053 erg/sec.
This constraint can be satisfied in two different regimes of the familon coupling strength.
For sufficiently high flavor scales F , the familon interaction is weak enough that familons
are rarely produced and the familon luminosity Qf is suppressed. On the other hand,
for sufficiently low flavor scales, although familons are readily produced, they interact so
strongly that they become thermalized and trapped in the core as well, thus decreasing the
familon luminosity. Therefore, there are two parameter regions consistent with observations,
high and low F , with an excluded region in the middle.
These types of constraints have been discussed by Choi and Santamaria [34] in the con-
text of a Majoron model. We modify their discussions slightly for the familon case. To
simplify the analysis, we will look at two extreme scenarios. First we consider a diagonal
familon coupling to ντ , as in the case of an Abelian family symmetry, and second we analyze
a purely off-diagonal coupling, as in the case of an O(2) family symmetry.5 For a general
5Throughout our discussions, we assume that neutrinos are Majorana particles. Observations of
supernova SN1987A imply that Dirac neutrinos must be lighter than 3 keV [36] or heavier than
31 MeV [37]. As we will discuss in Sec. VI, most of the interesting mass range from a cosmological
point of view is therefore excluded.
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family symmetry, one expects familons with both diagonal and off-diagonal couplings; a
generalization to such cases is straightforward. In this subsection, we also neglect possible
mismatches between the flavor and mass eigenstates, and assume that the relative angles re-
lating the two are small. Such mismatches will be discussed in Sec. IVC. Finally, we assume
that mνe , mνµ are negligible compared to mντ , as suggested from laboratory constraints as
well as the corresponding masses of the charged leptons.
Familon with diagonal coupling
Here we consider a purely diagonal familon coupling to ντ , such as in models with a
U(1) family symmetry acting on the third-generation lepton doublet (ντ , τL). The relevant
interaction is given by
Lf = 1
F
gντντL ∂µf ν¯τγ
µPLντ . (4.1)
Let us first consider the case where the familon can freely escape the core of the supernova.
Based on the interaction given in Eq. (4.1), potentially significant processes of familon
production are the neutrino scatterings ντντ → ff and ντ → ντf , the latter process being
allowed due to background matter effects. The familon luminosities due to these processes
are given in Ref. [34]:
Qf (ντντ → ff) ≈ 8.8× 1063 erg/sec×
(
mντ
MeV
)2 (GeV
FLντντ
)4
, (4.2)
Qf (ντ → ντf) ≈


1.6× 1054 erg/sec×
(
MeV
mντ
)4 (
GeV
FLντντ
)2
, mντ ≥ 95 keV
1.9× 1060 erg/sec×
(
mντ
MeV
)2 (GeV
FLντντ
)2
, mντ ≤ 95 keV .
(4.3)
If either one of the above luminosities is larger than ≈ 1053 erg/sec, the cooling process of
the supernova may be dominated by familon emission, and the duration time of the neutrino
pulse becomes shorter than O(1 sec). Imposing the constraint that the familon luminosities
given in Eqs. (4.2) and (4.3) are smaller than 3 × 1053 erg/sec, we obtain the following
constraints:
ντντ → ff :
(
mντ
MeV
)(
GeV
FLντντ
)2
≤ 5.8× 10−6 , (4.4)
ντ → ντf :


(
MeV
mντ
)2 (
GeV
FLντντ
)
≤ 0.43 , mντ ≥ 95 keV
(
mντ
MeV
)(
GeV
FLντντ
)
≤ 4.0× 10−4 , mντ ≤ 95 keV .
(4.5)
Familon volume emission is sufficiently small when both Eqs. (4.4) and (4.5) are satisfied.
On the other hand, if familon interactions are strong enough, familons effectively scatter
off the neutrinos in the background and get thermalized and trapped in the supernova. Once
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this happens, a thermal sphere of familons is formed, just like the thermal neutrino sphere,
and familons can only be emitted from the surface. The familon luminosity essentially obeys
the formula of blackbody emission with the surface temperature of the familon sphere. The
important point is that, once the familon is trapped, the familon luminosity decreases as the
familon interaction becomes stronger. This can be understood in the following way: as the
familon interaction becomes stronger, familons can be thermalized with a lower temperature.
(Notice that the scattering rate increases for higher temperature.) The surface temperature
of the familon sphere then decreases, and hence the luminosity is suppressed. Therefore,
the familon luminosity can be small enough when the scale F is sufficiently low. Following
Ref. [34] we find that the cooling through familon emission is sufficiently suppressed (i.e., is
less than 3× 1053 erg/sec) when either one of the following constraints is satisfied:
fντ → fντ
ff → ντντ :
(
mντ
MeV
)(
GeV
FLντντ
)2
≥ 8.3× 10−4 , (4.6)
fντ → ντ :


(
mντ
keV
)(
GeV
FLντντ
)
≥ 85 , mντ ≤ 1 keV(
mντ
keV
)1/2 (GeV
FLντντ
)
e−mντ /2.4 keV ≥ 50 , mντ ≥ 1 keV .
(4.7)
Of course, if the familon has strong interactions with other light particles (the photon,
electron, or neutron), familons may be trapped by other processes as well. This gives
additional regimes where the earlier constraints of Eqs. (4.4) and (4.5) can be evaded.
In Fig. 1, we show the upper and lower bounds on the diagonal coupling FLντντ as a func-
tion of the neutrino mass mντ . The region above the upper line is allowed because familon
emission is sufficiently suppressed by the flavor scale F . This line is basically determined
by Eq. (4.4); the slight bump is due to Eq. (4.5). As we can see, the lower bound on F is
at most 1 TeV for the maximum allowed value of the tau neutrino mass (18.2 MeV), and it
becomes less stringent as the mass becomes smaller. The lower boundary is determined by
Eq. (4.6), which supercedes Eq. (4.7). The region below this line is also allowed because the
familon is trapped in the core and the contribution to the cooling is again sufficiently small.
Familon with off-diagonal coupling
Here we discuss SN 1987A constraints on a familon which has only an off-diagonal cou-
pling, such as in the case of an O(2) family symmetry. The low-energy Lagrangian of the
model can be written as
Lf = i
F
g
ντνµ
L ∂µf (ν¯τγ
µPLνµ − ν¯µγµPLντ ) . (4.8)
The inclusion of νe in the discussion is straightforward. The familons are produced by
ντντ → ff via t-channel νµ exchange, νµνµ → ff via t-channel ντ exchange, or the decays
ντ → νµf . Following Ref. [34] again,
Qf(ντντ → ff) ≈ 2.2× 1063 erg/sec×
(
mντ
MeV
)2 (GeV
FLντνµ
)4
, (4.9)
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FIG. 1. Excluded region in FLντντ as a function of the neutrino massmντ , derived from SN1987A.
The bounds shown correspond to the case of diagonal familon coupling. For the off-diagonal case
the bounds on FLντνµ are very similar: the excluded region is only marginally shifted down by a
factor of 1.2, and the little bump from ντ → ντf is absent.
Qf(νµνµ → ff) ≈ 2.2× 1063 erg/sec×
(
mντ
MeV
)2 (GeV
FLντνµ
)4
, (4.10)
Qf(ντ → νµf) ≈ 3.0× 1062 erg/sec×
(
mντ
MeV
)4 (GeV
FLντνµ
)2
. (4.11)
We require that all of these familon luminosities are smaller than 3×1053 erg/sec, and obtain
the following constraints:
ντντ → ff , νµνµ → ff :
(
mντ
MeV
)(
GeV
FLντνµ
)2
≤ 8.3× 10−6 , (4.12)
ντ → νµf :
(
τντ
sec
)(
MeV
mντ
)
≥ 3.3× 10−5 , (4.13)
where the lifetime of ντ is given by
τ−1ντ =
1
16pi
m3ντ
FL 2ντνµ
. (4.14)
Increasing the interaction strength further into the excluded region, familons eventually
become trapped and rendered harmless again. This occurs when any one of the following
constraints are satisfied:
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fνµ → fνµ , fντ → fντ ,
ff → νµνµ , ff → ντντ :
(
mντ
MeV
)(
GeV
FLντνµ
)2
≥ 1.2× 10−3 , (4.15)
fνµ → ντ : (τντ/sec)
(
MeV
mντ
)
≤ 10−6 . (4.16)
As mentioned before, if the familon has strong interactions with other light particles, these
interactions may lead to thermalization of familons as well, resulting in additional allowed
regions for low flavor scales.
The resulting excluded region is fairly similar to that of the diagonal coupling case.
The constraint from the decay process Eq. (4.13) is important only for smaller FLντνµ or
larger masses mντ , values that are outside our range of interest. In addition, the small
bump in Fig. 1 now disappears due to the absence of the ντ → ντf process. The dominant
constraints are therefore from Eqs. (4.12) and (4.15) in the off-diagonal case, which differ
from the dominant constraints of Eqs. (4.4) and (4.6) in the diagonal coupling case only by
a small constant factor. The boundary of the excluded region is therefore given by the lines
of Fig. 1 shifted downwards by a factor of 1.2 in F .
B. Bounds from loop-induced couplings
In the previous subsection, we considered astrophysical constraints on tree-level familon
couplings to ντ . In addition, however, astrophysical bounds may also be used to constrain
familon couplings to all other particles, as these couplings may induce couplings of familons
to electrons and nucleons at the loop level. While these induced couplings are suppressed
by the usual loop factors, the bounds on familon couplings to first generation particles are
so stringent that these constraints may be strong in certain cases. In fact, we will see
below that the contributions to induced couplings are proportional to fermion masses, and
so these constraints are particularly relevant for couplings of familons to third generation
fermions. In this subsection, we will estimate the induced couplings for various choices
of the family symmetry group and determine what lower bounds on flavor scales F result
from current astrophysical constraints. For simplicity, we will limit our discussion here to
familons with flavor-diagonal couplings to the third generation, and ignore possible rotations
relating the flavor and mass eigenstates. Extensions of this analysis to more general cases
are straightforward.
To evaluate the strength of the induced coupling, we will begin by considering the low
energy effective theory below the flavor scale F . In this approach, the theory is specified
by the flavor symmetry, that is, the low energy derivative couplings of the familon, and no
further knowledge of the mechanisms of flavor symmetry breaking is required. With the
assumptions given above, the dominant contribution to the induced couplings is from the
Z-f mixing graph shown in Fig. 2. Here χ is any one of the third generation particles
directly coupled to the familon, and ψ = e, u, or d. (There are also additional contributions
from penguin-like W diagrams, but these are suppressed by mixing angles, e.g., V 2td in the
case of ψ = d.) Let us define the f -χ coupling as
1
F
∂µf χ¯γ
µ(gLPL + gRPR)χ , (4.17)
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FIG. 2. The Z-f mixing diagram.
and the Z-χ coupling as
Zµχ¯γ
µ(gZLPL + g
Z
RPR)χ , (4.18)
where gZL = gZ(Iχ − Qχ sin2 θW ), gZR = −gZQχ sin2 θW , and gZ = e/(sin θW cos θW ). The
induced Z-f mixing from the fermion loop is divergent, and the logarithmically-enhanced
contribution is
LZ−f = 2Nc
(4pi)2F
ln
Λ2
m2χ
[
m2χ(gL − gR)(gZL − gZR)gµν −
1
3
(gLg
Z
L + gRg
Z
R)(p
2gµν − pµpν)
]
Zµ∂νf
=
2Nc
(4pi)2F
m2χ ln
Λ2
m2χ
(gL − gR)(gZL − gZR)Zµ∂µf , (4.19)
where Nc is the number of colors of the fermion χ, and Λ is the effective ultraviolet cutoff of
the order of the flavor scale F . Note that gZL − gZR = gZIχ and the fermion charge Qχ drops
out: the Ward–Takahashi identity guarantees that the Qχ sin
2 θW piece in the Z vertex gives
a completely transverse vacuum polarization amplitude proportional to p2gµν − pµpν , which
vanishes when contracted with ∂µf . The leading contributions to the induced couplings are
determined by the amount of current non-conservation, i.e., the masses of the particles in the
loop, and the third generation couplings therefore give the most important contributions.6
The mixing of Eq. (4.19) is logarithmically-enhanced and so typically gives the leading
contribution if present. However, there are cases in which this term is not present or is highly
suppressed. First, it may be that the amount of current non-conservation is itself suppressed
by inverse powers of the flavor scale. For instance, in the singlet Majoron model [38], lepton
number conservation in the low-energy theory is violated only by neutrino masses which are
of order 1/F due to the seesaw mechanism. The neutrino loop contribution to the Z-Majoron
mixing is then 1/F 3 and highly suppressed. Second, if the familon coupling is vector-like so
that gL = gR, the logarithmically-enhanced term is absent. For example, a familon coupled
to the (possibly generation-dependent) baryon number current has this property. Finally,
this mixing is also absent if the familon has only flavor off-diagonal couplings. In all of these
cases, the contribution of Eq. (4.19) is absent or suppressed, and the leading contributions to
6Note that the radiatively-induced mixing operator can be written in the manifestly gauge in-
variant form i(H†DµH −DµH†H)∂µf . This operator may be present at tree-level if the familon
couples to “Higgs number,” but we will not consider this case.
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Z-f mixing come from non-logarithmically-enhanced threshold corrections which may be of
order 1/F . Such corrections are sensitive to physics at the flavor symmetry breaking scale,
and are therefore model-dependent.
With these caveats in mind, we now assume that the leading contribution given in
Eq. (4.19) is present, and determine bounds on F for various flavor symmetries. The
logarithmically-enhanced mixing induces an effective coupling
Leff = 2Nc
(4pi)2F
g2ZIχ(gL − gR)
m2χ
m2Z
ln
Λ2
m2χ
∂µf ψ¯γ
µ
(
IψPL −Qψ sin2 θW
)
ψ
= i
2Nc
(4pi)2F
g2ZIχ(gL − gR)
m2χ
m2Z
ln
Λ2
m2χ
Iψmψfψ¯γ5ψ , (4.20)
where in the last step we have integrated by parts and substituted the equations of motion
for ψ. For example, for a familon coupled to tR, Nc = 3, Iχ = 1/2, and gL − gR = −1. For
a familon coupled to QL, the contributions from both tL and bL must be summed.
The effective coupling of Eq. (4.20) is constrained from various sources. For the case
ψ = e, a stringent constraint is provided by red giants. Familon-electron couplings lead
to additional sources of red giant cooling, which, if too large, would destroy the agreement
between the observed population of red giants in globular clusters and stellar evolution
theory. Such constraints have been studied extensively in the literature [39,40]. The current
best upper limit on the coupling is [40]
g < 2.5× 10−13 (4.21)
for Leff = −igf e¯γ5e.7 The strongest bound on the family symmetry breaking scale is for
familon couplings that are dominantly proportional to m2t , as, for example, when a familon
is coupled only to tR. Such a case results in the bound
FRtt > 1.2× 109 GeV , (4.22)
where we have taken Λ = F . Weaker, but still significant constraints are obtained if the
familon coupling is dominated by mb, as when the familon couples only to bR. The bound
in this case is
FRbb > 6.1× 105 GeV . (4.23)
Notice that, in the case where the familon couples to tR and QL with the same charge, the
bound of Eq. (4.23) also holds for the corresponding flavor scales. However, possibly stronger
7For a larger coupling, the familon may be trapped in red giants and not contribute to their
cooling. Still, they can be emitted from the Sun and change its dynamics significantly. For yet
larger couplings, familons may be trapped in the Sun as well, but then they contribute to the
thermal transport. Combination of these constraints exclude all couplings to electrons larger than
this one. See Ref. [35] for further details.
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bounds may also be possible if model-dependent non-logarithmically enhanced terms pro-
prtional tom2t are present. If the familon contribution to the induced coupling is dominantly
proportional to m2τ , we find the constraint
FRττ > 2.5× 104 GeV . (4.24)
Similar bounds may be obtained from induced familon couplings to nucleons using con-
straints from supernova SN 1987A by rescaling the bounds on axion couplings. These con-
straints are somewhat more ambiguous because of the loss of coherence in axion emission
due to nucleon spin fluctuations caused by scattering effects in the supernova core [41]. More
realistic estimates were addressed in Refs. [42,43]. The constraints yield results comparable
to the red giant bound on electron couplings, but with larger error bars.
Finally, we stress again that these bounds are for specific flavor symmetries. For cer-
tain examples mentioned above, the logarithmically-enhanced contribution to the induced
coupling is absent. For such flavor symmetries, the threshold corrections at the flavor scale
must be studied separately for each model, and the flavor scale can be constrained only after
the model-dependent coefficients are known. However, from the numerical estimates above,
it is clear that the induced loop-level bounds can provide interesting constraints on flavor-
diagonal familon couplings. Such bounds are particularly interesting for couplings to the
third generation, as they are enhanced for large fermion masses. Note also that couplings to
the top quark are stringently bounded and are extremely difficult to bound by other means.
C. Bounds from effects induced by flavor-mixing
In this section, we have so far parametrized and constrained possible familon couplings
individually by introducing effective flavor scales, neglecting possible mismatches between
flavor and mass eigenstates. However, as noted in Sec. II, when bounds on a particular
familon coupling are very stringent, such as in the case of bounds on familon couplings
to the first generation from supernovae, one can also obtain interesting bounds on other
familon couplings from flavor-mixing effects. In this subsection, we will consider such bounds
in the quark sector. In extensions of the standard model with massive neutrinos, similar
arguments hold in the leptonic sector. Additional constraints may also be obtained if the
gauge symmetry is enlarged.
Let us assume that the flavor and mass eigenstates coincide in the down sector. A generic
familon coupling term for left-handed down-type quarks is then
Lf = 1
FLIJ
∂µf d¯Iγ
µPLdJ , (4.25)
where I and J are generational indices. Notice that, in this section, the familon f is a real
scalar for the diagonal couplings (I = J), and a complex scalar for the off-diagonal ones
(I 6= J). (Thus, in the off-diagonal case, there is also a Hermitian conjugate term in the
Lagrangian.)
The up-type coupling required by gauge invariance in terms of down quark mass eigen-
states is
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Lf = 1
FLIJ
∂µf V
∗
iI u¯iγ
µPLVjJuj
≡ 1
2FLIJ
(xu∂µf u¯γµγ5u+ · · ·) , (4.26)
where xu = −V ∗uIVuJ . Therefore, a constraint on FLuu obtained from supernova cool-
ing through familon–nucleon coupling implies similar constraints on the expressions
FLbs/(V
∗
ubVus), F
L
bd/(V
∗
ubVud), and so on. Of course, different contributions to the same ef-
fective coupling FLuu
−1
may also have opposite signs, which must be checked in the specific
model under investigation.
To derive constraints on the flavor symmetry breaking scales, we must convert the quark
level couplings to the effective nucleon-familon couplings of the form Lint ∼ igfNNfN¯γ5N .
This can be done through a generalized Goldberger-Treiman relation. With the interaction
given in Eq. (4.26), we obtain
gfNN =
mN
FLIJ
xu∆
(N)
u , (4.27)
where mN ≃ 0.94 GeV is the nucleon mass, and the coefficients ∆(N)q are given by [43]
∆(p)u ≃ ∆(n)d ≃ 0.80 ,
∆(n)u ≃ ∆(p)d ≃ −0.46 ,
∆(p)s ≃ ∆(n)s ≃ −0.12 .
Here, we have assumed that the flavor symmetry is anomaly-free for SU(3)C . If the fla-
vor symmetry is anomalous under SU(3)C , there are anomaly-induced contributions to
Eq. (4.27); see Refs. [35,43,44] for discussions of constraints on axions.
The effective couplings of Eq. (4.27) are constrained by supernova SN 1987A. In Ref. [43],
the upper bound on gfpp is given as a function of gfnn/gfpp. For simplicity, we adopt the
most conservative constraint on gfpp,
gfpp <∼ 3× 10−10 , (4.28)
and use this to estimate bounds on the flavor symmetry breaking scales.
Under the assumption that only one down-type familon coupling exists at a time, that
is, ignoring possible cancellations between two different contributions, we find bounds on
third-generation couplings
FLbb > 3× 104 GeV
( |Vub|
3.5× 10−3
)2 (
∆(p)u
0.80
)
, (4.29)
FLbs > 3× 106 GeV
( |Vub|
3.5× 10−3
)( |Vus|
0.22
)(
∆(p)u
0.80
)
, (4.30)
FLbd > 1× 107 GeV
( |Vub|
3.5× 10−3
)( |Vud|
0.98
)(
∆(p)u
0.80
)
. (4.31)
An even stronger constraint is obtained for FLsd:
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FLsd > 8× 108 GeV
( |Vus|
0.22
)( |Vud|
0.98
)(
∆(p)u
0.80
)
. (4.32)
This constraint is, however, weaker than the laboratory bound.
Note that the above bounds are obtained under the assumption that the mass and flavor
eigenstates are identical in the down sector. If, on the other hand, these eigenstates were
assumed to be identical in the up sector, familon coupling to the s- and d-quark arises due
to the mixing effect, and the supernova constraints on FLdd and F
L
ss could be used instead.
In particular, an interesting bound is derived for FLtt :
FLtt > 7× 105 GeV


∣∣∣V ∗tsVts∆(p)s + V ∗tdVtd∆(p)d ∣∣∣
(4.1× 10−2)2 × 0.12 + (5.7× 10−3)2 × 0.46

 . (4.33)
This bound is about one order of magnitude stronger than the bound on FLbb since, in this
case, the effective familon coupling to the nucleon is dominated by the s-quark contribution,
and the interaction is therefore not as highly Cabbibo-suppressed as in the FLbb case.
Of course, there is no reason why the familon coupling is diagonalized in one sector.
However, as the up and down sectors cannot be diagonalized in the same basis, one generally
expects similar mixing-induced constraints in all cases.
V. PROSPECTS FOR FUTURE PROBES: B FACTORIES
In this section, we estimate what constraints on familon couplings may be obtained from
the current CLEO data set and the upcoming CLEO III, BABAR and BELLE experiments.
We make no attempt to conduct detailed experimental studies appropriate to each of these
experimental settings. Rather, our intent here is to describe a number of analyses that are
likely to significantly improve the present limits on familon energy scales, and, we believe,
merit further study. We will begin with investigations of hadronic couplings of b quarks to
familons, and then consider decays of the τ lepton to familons.
A. Bounds from B decays
In all of the experiments mentioned above, one may search for the exclusive decays
B± → (pi±, K±)f and B0 → Ksf . These exclusive modes have smaller branching fractions
than the inclusive modes b → (d, s)f , but have clear experimental signatures due to their
simple two-body kinematics. The form factor of
〈K−(p′)|s¯γµb(q2 = 0)|B−(p)〉 = F1(0)(p+ p′)µ , (5.1)
which is necessary to calculate branching fractions, has been estimated by Colangelo et
al. [45] to be F1(0) = 0.25 ± 0.03, based on sum rules. Estimates of F1(0) based on the
quark model are 0.34, 0.36, 0.30, or 0.35, depending on which quark model parameters
are assumed [46]. We could not find other estimates of this particular form factor in the
literature, but various estimates for B → pi transitions give comparable but slightly larger
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values. This is reassuring, since they must agree in the flavor symmetric limit. The decay
rate B → Kf is given by
Γ(B → Kf) = 1
16pi
m3B
F 2
g2V β
3|F1(0)|2 , (5.2)
where β = 1−m2K/m2B. (If the coupling is purely axial, there is, of course, no contribution
to B → Kf ; searches for decays to K∗f are required to bound such couplings.) Neglecting
the mass difference between the b quark and B meson, and using the naive spectator model
for the B meson decay, one finds
Γ(B → Kf)
Γ(b→ sf) ≈ |F1(0)|
2 g
2
V
g2V + g
2
A
. (5.3)
The concept of the search for such exclusive decay modes is relatively simple. After
applying the standard cuts to suppress continuum qq¯ and lepton pair events, one looks for
events at the Υ(4S) resonance that have either an isolated Ks, or an isolated charged meson
pi±, K± together with large missing energy. In the center-of-momentum frame, the energy
of the meson P = pi±, K±, or Ks must be in the narrow range
√
s
4
[(
1 +
m2P
m2B
)
− β
(
1− m
2
P
m2B
)]
< EP <
√
s
4
[(
1 +
m2P
m2B
)
+ β
(
1− m
2
P
m2B
)]
, (5.4)
where β =
√
1− 4m2B/s = 0.0645, and mP is the mass of the meson. One can also require
that, after excluding the isolated energetic meson whose energy is in the above range, all the
tracks and energy deposits in the calorimeters reconstruct mB and have total energy
√
s/2
in the center-of-momentum frame.
Of the existing analyses, the one most similar to that described above is a search for
B± → l±νl by the CLEO Collaboration [47]. The reported upper bounds on the branching
fractions are 1.5× 10−5 (e), 2.1× 10−5 (µ), and 2.2× 10−3 (τ). The reach for the Pf mode
is expected to be worse than for eν or µν, as the continuum backgrounds are larger and
the detection efficiencies are worse for mesons. However, we expect the sensitivity to such
meson decays to be greater than to the τν mode, because the mesons have more-or-less fixed
energy, unlike in the τν case. pi/K separation is probably difficult with the current CLEO
data set [48], but this analysis may still give us an upper bound on B(B → pif)+B(B → Kf)
somewhere at the 10−4 to 10−3 level [49,50]. Such a constraint would be competitive with
the upper bound inferred from the ALEPH b→ sνν¯ study discussed in Sec. IIIC.
Particle identification will be much better at CLEO III, which will allow pi/K separation,
and will be even better at BABAR and BELLE. The higher luminosity at these machines
will also help, and an upper bound of 10−5 may be possible [49]. Such a bound would imply
a bound on the flavor symmetry breaking scale of F Vbd, F
V
bs
>∼ 2× 108 GeV!
B. Bounds from τ decays
We now turn our attention to the lepton sector. The decay rate for τ → lf is given in
Eq. (3.2). A search for τ → lf suffers from the standard model background τ → lνν¯. A
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FIG. 3. (a) The e momentum spectrum from τ decays. The points with error bars are our
Monte Carlo simulation for the standard model only, normalized to the size of the current CLEO
event sample. The solid histogram is the standard model prediction for τ → eνν¯. The dashed
histogram is the predicted spectrum with B(τ → ef) = 3× 10−3, again normalized to the current
event sample. (b) The same as (a) but plotted as a ratio to the standard model prediction.
conventional method for bounding the branching fraction to familons is to fit the momentum
spectrum of the electron (muon) from tau decay to a linear combination of the standard
model spectrum, which drops approximately linearly for large momenta, and a possible
contribution from the familon mode, which is flat. The ARGUS bound quoted in Sec. IIIA
was obtained by this method. CLEO has not reported a similar analysis. However, in a
recent CLEO analysis of the Michel parameter in τ decays [51], the electron momentum
distribution of 33531 τ+τ− → (e±νν¯)(pi∓pi0ν) events was presented in uniform 0.25 GeV
bins. This distribution may be fit beautifully by the standard model alone, and contains
about 90 events in the highest momentum bin. For reference, the contribution of a familon
decay mode with B(τ → ef) = 3×10−3, a branching fraction near the current ARGUS limit,
would contribute 28 events in each bin, leading to a significant excess at high momentum.
To see the possible sensitivity given the current CLEO data set, we generated 33531
standard model τ → e + missing events. The momentum spectrum from our Monte Carlo
simulation (points with error bars), along with the predicted standard model spectrum
(solid histogram), is shown in Fig. 3a. For comparison, we also plot the spectrum given
a hypothetical familon branching fraction of B(τ → ef) = 3 × 10−3 normalized to the
same number of events. In Fig. 3b, we plot the ratio to the standard model prediction
to make the familon contribution more visible. Note that the spectrum with the familon
contribution differs considerably in the high momentum bins. By fitting the Monte Carlo
data to the linear combination of the standard model and familon modes, we find that
CLEO can obtain an upper bound on the familon branching fraction of 1.6 × 10−3 (95%
CL). This would already improve the ARGUS bound [9] on τ → ef slightly, leading to a
lower bound of Fτe > 7 × 106 GeV. Note that in this analysis, only events with the pi±pi0ν
decay of the other τ were used. This requirement was motivated in the original study by
the desire to study spin correlations between decaying τ pairs, but is not necessary for our
purpose. The statistical power of our analysis may therefore be boosted by including events
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with additional decay modes of the other τ .8
In this analysis, the systematic effects appear to be under control. The momentum
dependence of the electron identification efficiency can be calibrated by using the actual
data, for instance, by using radiative Bhabha events, and this calibration improves with
statistics. In addition, the background is small in the above CLEO data sample. Indeed,
all measurements of τ decay parameters are statistically limited and we expect a similar
situation for the familon analysis. Note also that in the above analysis we simply fit to
the standard model contribution, allowing its normalization to vary. In principle, one can
determine this normalization by measuring the efficiencies of τ identification in each decay
mode through methods analogous to the multi-tag methods employed in the measurement
of Rb in Z decays [52]. We therefore conclude that a dedicated analysis could well lead to
an upper bound on B(τ → ef) below the 10−3 level.
The τ → µf mode is more difficult because the muon identification efficiency is less
well-calibrated and the statistics is slightly poorer, with 21680 events in the CLEO analysis.
Again, however, the uncertainties are dominated by statistical errors.9 We therefore expect
an upper bound on B(τ → µf) only slightly worse than that on the ef mode.
Although we are concerned primarily with B factories in this section, we should note
that the above analysis may also be applied at LEP. For example, in a recent OPAL analysis
of τ polarization [53], a large sample of 25000 τ → e events was studied. By fitting the e
momentum distribution as described above, an upper bound on B(τ → lf) at the 2× 10−3
level could be derived. (Here, we have simply scaled the CLEO results given above to the
OPAL statistics; we have checked that the momentum distributions are sufficiently similar
that such an approximation is valid.) Combining the four LEP experiments, we expect an
upper bound of ∼ 10−3.
At the asymmetric B factories, the boosted center-of-momentum system would somewhat
complicate the analysis of the electron (muon) momentum spectrum. We are not aware of
any studies at these colliders. However, given that the event samples available at these
machines will be much larger than the current CLEO data set, we expect BABAR and
BELLE to place constraints significantly better than the 10−3 level, and possibly at the
10−4 level. The study of familon decays at these machines is extremely promising, and
worthy of further study. It must be mentioned, furthermore, that the future B factories will
be able to improve the upper bound on the mass of ντ significantly to the level of 3 MeV,
or possibly even 1 MeV [54]. As we will see in the next section, the interplay between
bounds on the ντ mass and bounds on branching ratios to familons is very interesting from
8Another interesting possibility is to exploit the spin correlations between decaying τ pairs by
selecting events with ω > 0 (see Ref. [51] for the definition of ω). Such a selection enhances
the right-handed τ− (left-handed τ+) decaying to leptons, and thereby suppresses the electron
momentum spectrum at the end point. The sensitivity to familon contributions at this endpoint
is then improved.
9In the Michel parameter analysis, a large systematic uncertainty arises because the standard
model muon decay parameters are not assumed. For our purposes, however, we may assume the
standard model predictions and eliminate these uncertainties.
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a cosmological point of view.
Finally, we note that the bounds on τ → lf branching ratios are expected to be even
better at a tau-charm factory. Ref. [55] has shown that one can reach the level of B(τ →
ef) < 10−5 using the standard optics or even 10−6 using a monochromator. This would raise
the lower bound on the flavor scale to Fτe >∼ 108 GeV. The µf mode is more difficult, and is
limited by the µ/pi separation capability [55]. However, a bound better than the 10−3 level
using a RICH detector for particle identification is expected [55].
VI. IMPLICATIONS FOR NEUTRINO COSMOLOGY
Non-standard properties of neutrinos are always interesting in cosmology, and in fact,
heavy unstable neutrinos are advocated in certain scenarios to obtain reasonable agreement
between theory and observation. The heavy neutrino is typically taken to be the tau neu-
trino, and we will assume this to be the case in this section. Once a decaying neutrino
is required, its decay into a lighter neutrino and a massless boson is the most harmless.
Visible neutrino decays are usually severely constrained from SN 1987A. As mentioned in
Sec. IV, the energy released from SN 1987A was mostly carried away in neutrinos, and the
visible luminosity of SN 1987A was much smaller. However, if neutrinos decay into visible
particles, such as photons or electrons, neutrinos emitted from SN 1987A that decay be-
fore reaching the earth may increase the apparent visible luminosity of SN 1987A to levels
much larger than observed [56]. 10 In addition, scenarios with τ neutrinos decaying into
three neutrinos are also dangerous, since, in the absence of fine-tuning, such models also
predict large flavor violating τ decays (like τ → 3e) by SU(2)L gauge symmetry [13]. In
particular, in the cosmological models to be described below, the resulting flavor-violating
τ decay rates are already excluded by current bounds. This is because, for these three-body
decays, the flavor-violating τ branching fraction is of order (mτ/mντ )
5τ−1ντ (to be compared
with (mτ/mντ )
3τ−1ντ for the two-body familon decays), and hence is extremely enhanced for
scenarios with neutrino masses in the currently allowed range.
Therefore, if we adopt a massive unstable neutrino as a solution to cosmological problems,
massless bosons are good candidates for its decay products. The familon is an example of
such a massless boson. (In the literature, a particular example of a familon, the Majoron,
is often considered.) If neutrinos decay to familons, cosmological scenarios, which require
specific ranges for neutrino masses and lifetimes, then predict rates for familon signals in
future experiments, or may even be excluded from current familon bounds, assuming an
absence of fine-tuning. In this section, we first review some of the potentially interesting
cosmological scenarios that require massive neutrinos. Then, assuming that the massive tau
neutrino decays through ντ → νlf , where l = e, µ, we will discuss how well these scenarios
may be constrained by current and future collider searches for familons.
Among the several cosmological motivations for massive neutrinos is the “crisis” in the
standard BBN scenario. The standard BBN scenario contains only one free parameter,
the baryon to photon ratio η; the abundances of the light elements are predicted once we
10Such constraints may be evaded in scenarios with sufficiently long-lived neutrinos [57].
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fix η. Until a few years ago, the theoretical prediction with η ∼ 3 × 10−10 was in good
agreement with observations. Recently, however, it has been claimed that the predictions of
the standard BBN are disfavored by observations of the light element abundances [58,59]:
normalizing η with the D and 3He abundances, the observed 4He abundance is claimed to
be smaller than the standard BBN prediction. There are several arguments against this
viewpoint on the observational side. For example, the apparent discrepancy vanishes if one
adopts a larger systematic error in the observed 4He abundance [59,60], or if the recently
measured D abundance in high red-shift QSO absorber systems is regarded as a primordial
one [61].11
On the other hand, if we regard this “crisis” as a genuine problem with the standard BBN
theory, it can be taken as an indication of new physics beyond the standard model. There
are several attempts to solve this crisis by a modification of the standard scenario [62,63,16].
Here, we concentrate on a solution that uses massive unstable neutrinos to reduce the
predicted 4He abundance. Since the 4He abundance decreases as the energy density at the
neutron freeze out time decreases, the 4He abundance becomes smaller if Nν , the “effective
number of neutrino species” at the neutron freeze out time, is reduced. In the standard BBN,
Nν is 3, but it can be smaller if heavy neutrinos decay and effectively convert their energy
density into lighter particles. For example, in the presence of the decay mode ντ → νlf , if all
the tau neutrinos are converted into thermal familons and light neutrinos, Nν ≃ 2.6. BBN
scenarios with massive neutrinos decaying to familons have been discussed in Refs. [13–16].
The most recent calculation shows that a massive neutrino with mντ ∼ 10 − 20 MeV and
τντ ∼ 10−2 − 1 sec can resolve the conflict between theory and observation [16].
Decaying massive neutrinos are also interesting for large scale structure formation. The
standard cold dark matter (CDM) scenario, which assumes a flat universe, a scale-invariant
initial spectrum, and that the universe is mostly filled with slowly moving (“cold”) parti-
cles [64], is very attractive in explaining the origin of large scale structure. However, if the
normalization of the power spectrum is fixed by the anisotropy in the temperature of the
cosmic background radiation observed by COBE, the standard CDM scenario predicts too
large density fluctuations at small scales (λ <∼ 100 Mpc). Attempts to explain the scale
dependence of the density perturbations include proposals of CDM with a small component
of hot dark matter or with a cosmological constant [65], or scenarios with a tilted initial
density fluctuation [66].
As pointed out in Refs. [18–20], CDM with late decaying neutrinos also provides a solu-
tion to this problem. If the neutrino lifetime is long enough, neutrinos dominate the energy
density of the universe at the temperature T ∼ mντ . After this stage, the mass density of
the neutrino, ρν , scales as T
3. Neutrinos then decay at time t ∼ (ρ1/2ν /Mpl)−1 ∼ τντ . Once
they decay, the energy density of the neutrinos is converted to radiation energy density,
resulting in an increase of the radiation energy density without affecting the background
photons. This then delays the time of matter-radiation equality, the matter-dominated era
starts later, and, with the COBE normalization, the density perturbations at small scales
are reduced. Due to the neutrino decay, the energy density of the radiation is increased by
11One should note that there is another measurement of D abundances that conflicts with the one
preferred by the standard BBN scenario [61]. Thus, this issue is still an open question.
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the factor ∼ ρν(TD)/T 4D ∼ (m2ντ τντ )2/3/M2/3pl , where TD is the temperature just before the
neutrino decay. As we can see, physics (approximately) depends on the combination m2ντ τντ .
To obtain the correct density fluctuation at small scales, this combination must lie in the
range (mντ/keV)
2(τντ/yr) ∼ 50− 150 [20].
In these scenarios, the neutrino mass must also lie in a specific interval. The neutrino
must be heavier than about 50 eV; otherwise, its mass density is always smaller than (or
at most comparable to) the mass density of the CDM, and the scenario does not work well.
On the other hand, if the neutrino mass is above ∼ 1 MeV, the neutrinos decouple from the
thermal bath after becoming non-relativistic, and their number density is reduced. In this
case, the constraint given above is not applicable. Furthermore, if the neutrino mass is in
the range ∼ 1 – 10 MeV while the lifetime is longer than ∼ 1 sec, the neutrino mass density
may be so large at the neutron freeze out time that 4He can be overproduced. Such lifetimes
and large neutrino masses are therefore also disfavored from BBN considerations [15]. In
this section, we consider the mass range 50 eV <∼ mντ <∼ 10 MeV, with the above caveats in
mind.
To summarize, we consider the following two cosmological scenarios:
• BBN : mντ ∼ 10− 20 MeV, and τντ ∼ 10−2 − 1 sec.
• Structure formation : (mντ/keV)2(τντ/yr) ∼ 50− 150, with 50 eV <∼ mντ <∼ 10 MeV.
These scenarios require decays to familons ντ → νlf . As we discussed previously, this
process is related to the decay modes τ → lf and b → sf though SU(2)L and GUT gauge
symmetries, respectively. Thus, searches for these decay modes are interesting tests of these
scenarios.
Let us start with the τ familon decay mode. If the decay mode ντ → νlf exists, by SU(2)L
symmetry, the charged τ lepton must also have flavor-changing couplings to familons:
Lf = 1
F
∂µf
(
gντνlL ν¯τγ
µPLνl + g
τl
L τ¯γ
µPLl
)
+ h.c. (6.1)
If there is no fine-tuning, gτlL ≈ gντνlL . Notice that, if the right-handed leptons also transform
under the flavor group, they also couple to familons, and such interactions may increase
the rare τ decay rate. The following argument is therefore conservative. From the above
Lagrangian, we obtain the decay rate
Γ(τ → lf) = m
3
τ
32piFL 2τl
, (6.2)
and, using Eq. (4.14), we find
B(τ → lf) = 1
2
(
mτ
mντ
)3 (
τντ
ττ
)−1 (FLντνl
FLτl
)2
≃ 8.1× 10−4 ×
(
1 MeV
mντ
)3 (
1 sec
τντ
)(
FLντνl
FLτl
)2
. (6.3)
In Fig. 4 contours of constant B(τ → lf) are shown in the (mντ , τντ ) plane, assuming
FLντνl = F
L
τl.
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FIG. 4. Contours of constant B(τ → lf) (10−3, 10−5, and 10−7, from below), assuming
FLντνl = F
L
τl, the natural SU(2)L gauge relation in the absence of fine-tuning. The regions pre-
ferred by the BBN and structure formation scenarios discussed in the text are also shown. Note
that the parameter region for structure formation with mντ
>∼ 1 MeV may be unreliable because
of limitations in the approximations used to derive the preferred region. The lightly shaded region
is disfavored by BBN.
From Eq. (6.3), we see that, in the absence of fine-tuning, the BBN scenario with decaying
neutrinos predicts B(τ → lf) ∼ 10−4 to 10−7. The current bounds B(τ− → µ−f) <
4.6×10−3 (95% CL) and B(τ− → e−f) < 2.6×10−3 (95% CL) [9] therefore do not constrain
this scenario. However, if the sensitivity of future experiments is improved by one order of
magnitude or more, the predictions of this scenario may be tested, and, if the scenario is
correct, exotic τ decays may be seen. (See Fig. 4.)
The scenarios motivated by structure formation are also interesting. In this case,
Eq. (6.3) implies B(τ → lf) ∼ 10−2 to 10−8. Comparing this result with the current
bound, part of the parameter region of this scenario is already excluded. As discussed in
Sec. VB, future experiments may reach a sensitivity for B(τ → lf) of 10−3 or possibly 10−4.
Thus, if the CDM scenario were realized, the familon decay mode is likely to be found if the
neutrino is lighter than ∼ 1 − 10 keV. The region disfavored by BBN [15] is also shown by
a light shading.
Up to now, we have only used SU(2)L gauge symmetry to relate the neutrino-familon
interaction to existing and future constraints on τ decays. However, if we assume that the
same familon also couples to down-type quarks, the above cosmological scenarios may also
be probed by rare b decays. Such is the case in SU(5) GUTs, where the lepton doublet and
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FIG. 5. As in Fig. 4, but with contours of constant B(b → sf) (10−3, 10−5, and 10−7, from
below), assuming FLντνµ ≃ FRbs , as would be the case in GUTs without fine-tuning.
right-handed down-type quarks are in the same multiplet, and so we also have a coupling of
the form
L ⊃ 1
F
∂µfg
bs
R b¯γ
µPRs+ h.c. , (6.4)
and similarly for d. With this Lagrangian, we obtain
B(b→ sf) = 1
2
(
mb
mντ
)3 (
τντ
τb
)−1 (FLντνl
FRbs
)2
≃ 7.3× 10−2 ×
(
1 MeV
mντ
)3 (
1 sec
τντ
)(
FLντνl
FRbs
)2
, (6.5)
where we have used mb = 4.5 GeV, and τb = τB = 1.6 × 10−12 sec. Comparing Eq. (6.5)
with Eq. (6.3), we can see that the branching ratio B(b → sf) is enhanced by about two
orders of magnitude relative to B(τ → lf). This results from an enhancement by a factor
(mb/mτ )
3, and also the fact that the total decay rate of the b quark is Vcb suppressed, and
so is even smaller than that of the τ lepton, despite its larger mass. Contours of constant
B(b → sf) are shown in Fig. 5. For the cosmologically-motivated scenarios, the ranges of
B(b → sf) are 10−2 to 10−5 (BBN), and 1 to 10−6 (structure formation). Because the b
decay rates are so enhanced, in each case, the high value in the predicted range is above
bounds which can be expected from the current data. Future experiments may reach a
sensitivity of B(b → sf) ∼ 10−4 (corresponding to B(B → Kf) ∼ 10−5 in Sec. VA) and
will thus cover most of the preferred parameter regions.
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Finally we comment onmντ measurements at future B factories. As we mentioned earlier,
the upper bound on mντ will be significantly improved at future B factories, to the level
of 1 – 3 MeV. The parameter region that will be covered has a significant overlap with the
neutrino mass required in the above mentioned cosmological scenarios, and hence such mass
measurements provide another probe of these scenarios. The BBN scenario with massive
unstable neutrinos will be fully tested by the tau neutrino mass measurement in future B
factories. On the other hand, for the structure formation scenario, most of the interesting
parameter region (mντ
<∼ 1 MeV) may be covered by the search for b→ sf , and even if the
neutrino mass is above ∼ 1 MeV, this scenario can be checked by the direct measurement
of the tau neutrino mass (though this region is disfavored by BBN). Therefore, in this case,
measurements of the mass and the branching ratios will have complementary roles.
VII. CONCLUSIONS
If global family symmetries play a role in determining the patterns of masses and mixings
of the quarks and leptons, they must be spontaneously broken. Familons (or Majorons), the
massless Goldstone bosons associated with these broken symmetries, allow rare opportunities
to probe the physics at very high mass scales in a multitude of low energy settings, and their
discovery will signal a breakthrough in attempts to understand the flavor structure of the
standard model.
The experimental investigation of familons has in the past focussed on familons coupled
to the first two generations. As we reviewed, such investigations have led to stringent lower
bounds on the flavor breaking scale F of ∼ 109 GeV and ∼ 1011 GeV in the leptonic
and hadronic sectors, respectively. In contrast, bounds for familons coupling to the third
generation are much less thoroughly studied. In the lepton sector, constraints from rare
τ decays lead to constraints F >∼ 106 GeV; in the hadronic sector, no bounds have been
previously reported. The lack of study of third generation familons is conspicuous, especially
in light of their cosmological relevance and the upcoming B factory experiments, which hold
promise for studying b and τ decays with great precision.
Motivated by these considerations, we have presented a large and eclectic group of bounds
which we believe place the most stringent constraints on third generation familon couplings.
As emphasized in Sec. III, the experimental and astrophysical implications of familons vary
strongly with the underlying flavor symmetry and depend on whether the flavor symmetry
is real or complex, the familon couplings are axial or vector-like, and whether they are
flavor-diagonal or non-diagonal. For instance, bounds on K decay in the presence of mixing
effects may in general impose bounds of order 109 GeV on third-generation flavor breaking
scales, but there are classes of models in which such bounds do not apply. It is therefore
important to consider a wide variety of experimental signatures. Different signatures are
also related through some well-motivated theoretical considerations: in the absence of fine-
tuning, the familon couplings of particles related by gauge symmetry are expected to be
similar in strength. Probes of τ decays to familons are therefore indirect probes of ντ
familon couplings, and in SU(5) grand unified theories, these are both related to b decays.
We began by considering bounds from currently available accelerator data. Present values
for neutral meson mass splittings imply bounds on the flavor scale of ∼ 105 to 106 GeV for
real familons. Bounds from neutral meson decays to leptons are significantly weaker, at the
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level of 103 GeV, and require both hadronic and leptonic couplings. More promising are
bounds from exotic b decays at LEP. By extrapolating from current bounds on b → sνν¯,
we estimate that an analysis of currently available LEP data may provide a sensitivity to
B(b → sf) at the level of 1.8 × 10−3, leading to probes of flavor scales of the order of 107
GeV.
Familons also have astrophysical implications, as they may lead to anomalously fast
cooling of supernovae, red giants, and white dwarfs. Bounds from direct couplings to ντ
are generally weak. However, couplings of familons to particles of the third generation may
also induce couplings to electrons and nucleons radiatively or through flavor mixing effects.
Bounds on such couplings are model-dependent, but may be stringent; in the simple case
where a familon couples diagonally to t quarks, a bound of F > 109 GeV from radiatively
induced couplings may be set.
Finally, having evaluated a host of new bounds, we considered the prospects for analyses
at future B factories. Such colliders are ideal experimental environments for searches for
rare τ and b decay modes and are expected to have greatly improved statistics. We find that
probes of branching fractions of 10−3 (10−5) for τ (b) decays may be possible. As discussed
in Sec. VI, under the assumption that the flavor scales for these decays are naturally related
to the scales for ντ couplings, such precise probes are sensitive to parameter regions favored
by various BBN and structure formation scenarios, where a massive unstable neutrino is
motivated by possible discrepancies in cosmological data. In fact, parts of the parameter
regions in such scenarios are already excluded, and future searches will be able to explore
large portions of the cosmologically-favored parameter space. Given the present lack of
analyses studying third generation familon couplings, studies at all of these experiments,
and particularly the B factories, are strongly encouraged.
Note added. After the completion of this work, Ref. [67] appeared, in which the impact of
decays ντ → νef on BBN was examined. Tau neutrino masses of 0.1 to 1 MeV and lifetimes
of 50 to 2 × 104 s were found to be allowed, implying rates for τ → ef and b → df within
reach of future experiments. (See Figs. 4 and 5.)
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